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(57) ABSTRACT

A solar photovoltaic (PV) water heating system includes a
tank (1.020) including at least a first heating unit (1.016)
having at least first and second heating elements
(1.016.1 . . . 1.016.x), at least one of which 1s switchable
(1.014.1A . . . 1.014.1m); a PV solar collector (1.002); an
iverter (1.004) adapted to convert the output from the PV
collector to an alternating power supply; a modulator
(1.060) to modulate the alternating power supply from the
inverter; a controller (1.040) adapted to control the modu-
lator and the switching of the or each switchable heating
clement; wherein the controller 1s adapted to control the
modulator and the switchable heating elements to maximize
the energy drawn from the PC collector.
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SYSTEM, APPARATUS AND METHOD FOR
EFFICIENT USE OF SOLAR
PHOTOVOLTAIC ENERGY

CLAIM OF PRIORITY

This application claims priority to Australian Patent
Application No. 2016250449, filed Oct. 28, 2016, the entire
disclosure of which i1s incorporated by reference herein.

BACKGROUND OF THE INVENTION

This mvention relates to the utilization of renewable
energy. The sources of some forms of renewable energy,
such as solar and wind, have a highly variable output. For
example, solar collector output varies with the amount of
insolation impinging on the collector, and this varies gradu-
ally with the position of the sun and rapidly with the passing
of clouds. Similarly, wind generators are subject to wind
fluctuations. While the invention 1s applicable to the difler-
ent forms ol renewable energy, the invention will be
described primarily 1n the context of a solar photovoltaic
energy system.

With the adoption of smart electricity meters, power
companies can charge diflerent tarifls during periods of the
day according to the load on the power generator equipment.

There are many ways of using solar energy and the
invention will be described in the context of a solar electric
storage water heater. Solar thermal water heating systems
heat a heat transfer fluid and use this to heat water in a
storage tank. Solar photovoltaic (PV) water heating systems
convert solar energy to electric energy and use the electrical
energy to heat a resistive heating unit 1n the tank. Water
heating consumes about a quarter of a typical household’s
clectricity usage for households equipped with electric water
heaters. Water heating also makes up a significant portion of
gas consumption for households with gas water heating.
Solar energy 1s tanil free.

Solar thermal water heaters have a disadvantage 1n rela-
tion to solar electric water heaters in that, at low levels of
insolation, 11 there 1s msutlicient solar input to heat the heat
transter fluid above the temperature of the water 1n the tank,
no useful energy can be collected. On the other hand, as long
as there 1s suflicient solar input to a solar photovoltaic (PV)
collector to generate electrical output, the heating unit can
still deliver heat to the water in the tank due to the higher
exergy value of the PV energy, the thermal system having no
useable energy when the temperature of the heat transier
fluad 1s not hotter than the water 1n the tank.

There are many roof top PV systems installed 1n Australia.
These systems were popularised due to a generous feed 1n
tarifl that enabled their owners to receive a reasonable
payback for their investment. Some solar PV systems were
designed to maximize the benefit of the feed 1n tarifl and
delivered the PV power to the utility grid system.

However, home owners with PV collectors may wish to
use the PV energy to replace some or all of their utility grid
power consumption. As water heating 1s a significant portion
of household consumption, this invention proposes a system
and method to utilize solar PV to supply a water heater.

Typically, electric storage water heaters have a single
heating unait.

W02014089215 describes a method of using DC from the
solar collector to power the heating unit. A disadvantage of
DC 1s that 1t 1s diflicult to interrupt a DC current, and
connector contacts can be eroded by sparks on switching the
current off.
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2

U.S. Pat. No. 5,293,447 (1994) describes a means for
improving eifliciency by measuring the incoming solar
energy intensity and switching the resistance to approximate
the maximum power point (MPP) at low levels of insolation.
The heating unit 1s driven by DC from the PV collector. The
system requires a separate heating unit for use with utility
orid power.

Modulation of the current supplied to heating units 1s
known. However, 1t has the problem that modulation sys-
tems may generate unacceptable amounts of electromag-
netic mterference or cause fluctuations i the power system.

It 1s desirable to provide an eflicient means of delivering
energy ifrom the solar photovoltaic collector to the heating
unit assembly of a water heater tank which mitigates or
resolves these problems.

It 1s desirable to provide a means to facilitate internal
consumption of PV energy or for adapting existing systems
to this end.

It 1s also desirable to provide an effective means of adding
heat to water 1n a water heater tank.

It 1s also desirable to devise a heating assembly which can
be adapted to operate with existing water heater tanks.

SUMMARY OF THE INVENTION

According to an embodiment of the mvention, there 1s
provided a controller for a variable energy source utility grid
feed-in system having at least a first energy consuming
component having a first supply priority, and a second
energy consuming component having a second energy sup-
ply prionty, the first energy supply priority being greater
than the second energy supply priority, a status monitoring
means adapted to momtor a condition of the second energy
consuming component for use in regulating the flow of
energy to the second energy consuming component, the
controller receiving current flow information identifying
current mnflow from the utility grid or current tlow to the
utility grid, the controller being adapted to control the flow
of energy to the second energy consuming component, the
controller being adapted to control the delivery of energy
from the varnable energy source in order of priority to the
first energy consuming component, the second energy con-
suming component, and the utility grid feed-1n.

The status monitoring means can include at least one of a
thermostat or a temperature sensor.

The status monitoring means can include a battery charge
monitor.

According to an embodiment of the invention, there is
provided a first controller for a variable energy source utility
orid feed-in system having a first energy consuming com-
ponent having a first supply priority, and at least a second
energy consuming component having a second energy sup-
ply priority, the first energy supply priority being greater
than the second energy supply priority, the controller receiv-
ing status iformation from the energy storage component,
the controller receiving current flow information 1dentifying
current intflow from the utility grid or current flow to the
utility grid, the energy storage component having a control-
lable load controlled by the controller, the controller being
adapted to control the controllable load to prioritize deliver
energy Irom the variable energy source in order to the first
energy consuming component, the second energy consum-
ing component, and the utility grnid feed-in.

The second energy consuming component can be a water
heater.

The status mnformation can be temperature information.
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The controllable load can include a modulator adapted to
modulate the variable energy source, and at least a first and
a second heating element, wherein the modulator modulates
the delivery of energy to the first heating element under the
control of the controller.

At least the second heating element 1s switchable.

All heating elements can be switchable.

According to an embodiment of the ivention there 1s
provided a water heating system having: a water storage
tank having: a temperature sensor; a heating unit having at
least first and second heating elements at least one of which
1s switchable; a controller adapted to receive temperature
information from the temperature sensor and current tlow
direction information from a current sensor sensing the
inflow or outtlow of utility grid current; a modulator adapted
to modulate the tlow of energy from a variable energy source
to at least the first heating element under the control of the
controller; wherein at least the second heating element 1s
switchable under the control of the controller; the controller
being adapted to control the modulator and the switching of
the or each switchable heating element to prioritize delivery
of energy from the variable energy source to internal con-
sumption systems before utility grid feed-in.

All the heating elements except the first heating element
can be switchable under the control of the controller.

Alternatively, all the heating elements can be switchable
under the control of the controller.

The impedance of the heating elements of a heating unit
can be R, R/1, R/2 . . . R/(N-1), where R 1s the resistance
of the first heating element, and N 1s the number of heating
clements 1n the heating unit.

Such that each successive heating element draws the same
amount of power as the power drawn by the sum of the
preceding heating elements.

The variable energy source can be a photovoltaic (PV)
energy source.

According to an embodiment of the invention, there 1s
provided a variable energy supply system adapted to provide
utility grid feed-in, the vanable energy supply system
including one or more consumption components, one of
which 1s a water heating system, the variable energy supply
system 1ncluding: a vanable energy source; an energy con-
verter to convert the output from the vanable source to an
alternating energy supply equivalent to an alternating utility
orid supply; wherein the water heating system includes a
water heater tank including at least at least first and second
heating elements, at least one of which 1s switchable; a
modulator to modulate the alternating energy supply from
the mverter; a controller adapted to control the modulator
and the switching of the or each switchable heating element
to prioritize delivery of energy from the variable energy
source to internal consumption systems before utility grid
feed-1n.

The system can include a bidirectional utility grid current
sensor adapted to indicate to the controller the direction of
energy flow to or from the utility grid, wherein the controller
increases the energy to the heating elements until all the
energy from the variable energy source 1s consumed by the
internal consumption systems or until energy 1s drawn from
the utility gnd.

A heating umt can have N heating elements, a first
element can have an power rating of V*/R1, a second heating,
element can have power rating of V°/R1, and the remaining
elements can have power ratings increasing by V/R1 to a
power rating of (N-1)*V*/R1. The heating elements can be
connected 1n parallel.
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4

The or each heating unit can include first, second and third
heating elements, wherein the first element 1s modulated, the
modulated element having a first power rating of V*/R1, the
second element has a second power rating of V/R1, and the
third element has an power rating of 2*V=</R1.

Each heating element of the first heating unit can be
switchable.

The vaniable energy source can be a solar photovoltaic
(PV) energy supply system including a first temperature
sensor adapted to measure the temperature of water 1n the
tank and to communicate the temperature measurement to
the controller, the controller being adapted to switch ofl the
delivery of energy to the tank when the temperature of the
water exceeds a threshold value.

The solar photovoltaic (PV) energy supply system can
include a battery chargeable by the PV collector, the con-
troller being adapted to switch PV energy from the PV
collector when the temperature of the water exceeds the
threshold value.

The solar photovoltaic (PV) energy supply system can
include a utility gnid energy connection adapted to supply
energy to the first heating unit under control of the controller
when the output from the PV collector 1s below a minimum
value.

The solar photovoltaic (PV) energy supply system can
include first and second multi-element heating units, and a
changeover switch controlling the neutral connection of the
two heating units, corresponding elements of the first and
second heating units being controlled by the same switches.

According to an embodiment of the invention, there is
provided a method of utilizing solar photovoltaic energy in
an 1mpedance load, the impedance load including two or
more i1mpedance components, at least one of which 1s
switchable, the method including the steps of: converting
DC energy from a solar photovoltaic (PV) collector to
produce an unmodulated alternating supply; modulating the
unmodulated alternating supply to produce a modulated
alternating supply; applying the modulated alternating sup-
ply to one or more of the impedance components.

The method of utilizing solar photovoltaic energy can
include the step of: applyving the modulated alternating
supply to only one of the impedance components.

The method of utilizing solar photovoltaic energy can
include the step of: monitoring the direction of energy tlow
to or from the utility grid.

The method of utilizing solar photovoltaic energy can
include the step of: applying the unmodulated alternating
supply to at least one other impedance component.

The method can include the steps of; initially reducing the
modulated alternating supply voltage to a minimum value,
and 1increasing the modulated alternating supply voltage
until a maximum current 1s drawn, or until the maximum
modulated alternating supply voltage 1s reached, 1n the case
where modulated alternating supply voltage 1s reached,
reducing the modulated alternating supply voltage to the
minimum, switching on a second impedance component,
increasing the modulated alternating supply voltage applied
to the first impedance element, and iteratively reducing the
modulator output, switching in a further impedance element,
and increasing the modulator output, until either the energy
flow to the utility grid ceases or until all the impedance
clements are switched on.

The method can include the steps of: monitoring the
direction of energy flow to or from the utility gnd.

The method can include the steps of: varying the modu-
lation of the modulated alternating supply; determining
when the flow of energy to the utility grid ceases; and
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maintaining the modulation at a level which maintains the
energy delivered to the first impedance at or approximate to
the level where the tlow of energy to the utility grid ceases.

The first impedance component can be switchable.

All the heating elements of the first heating unit can be
switchable.

According to an embodiment of the mmvention there 1s
provided a method of utilizing a variable energy source
together with an alternating utility grid supply to provide
power for at least two loads, at least a first of the loads being,
controllable, the utility grid supply and the variable energy
source being connected to a common conductor, wherein the
first load 1s prioritized atfter the remaining load or loads, and
the vanable energy supply 1s adapted to deliver 1ts available
energy to the loads 1n priority to the utility grid supply, the
method including the steps of: monitoring the flow of
current to or from the utility grid supply; where current 1s
flowing to the utility grid supply, increasing the energy
supplied to the first load until either:

A. the flow of current to the utility grid ceases; or
B. the maximum energy available from the varniable energy
source 1s delivered to the first load.

The first load can include two or more heating elements;
wherein a first heating element 1s supplied from the variable
energy source via a controllable power modulator, and
wherein the remaining heating elements are switchable 1n a
parallel configuration with the first heating element; and the
step ol increasing the energy supplied to the first heating
clement can be performed by continually increasing the
output from the power modulator until either:

C. the flow of current to the utility grid ceases; or

D. the output of the modulator reaches a maximum; wherein,
if the modulator output reaches the maximum, the modulator
output 1s reduced, a second heating element 1s switched on
in parallel with the first heating element, and the modulator
output 1s continually increased, until either condition C or
condition D 1s reached, wherein it condition D 1s reached,
the process of switching on further heating elements in
parallel 1s carried out until either all the heating elements are
switched on and the modulator output 1s at the maximum; or
until the flow of current to the utility grid ceases.

According to an embodiment of the invention, there 1s
provided a method of operating a water heater connected to
a utility grid and to a variable energy source, the heater
having an upper heating unmit and a lower heating unait,
wherein at least the upper heating unit has two or more
heating elements, the method including the steps of detect-
ing the flow of energy from the varnable energy source to the
utility grid, applying a first amount of energy to the upper
heating unit, and applying a second amount of energy to the
lower heating unit, increasing the amount of energy deliv-
ered to the upper heating unit, monitoring the tlow of energy
from the variable energy source to the utility grid, and
ceasing to increase the delivery of energy from the variable
energy source to the upper heating unit when the flow of
energy ifrom the varnable energy source to the utility gnid
ceases.

According to an embodiment of the invention, there 1s
provided a controller for a solar PV energy supply system
adapted to provide utility grid energy feed-1n, and to deliver
energy to one or more internal consumption systems one of
which 1s a water heating system having a heating umt with
one or more heating elements, wherein the solar PV energy
1s converted to an alternating PV energy supply controllable
by the controller, the controller being adapted to monitor the
direction of energy flow to or from the utility grid and to
control the alternating PV energy supply to prioritize the
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6

energy delivered to the internal consumption systems 1in
preference to the utility grid feed-in.

The water heating system includes a storage tank with at
least one heating umit and an energy modulator adapted to
modulate the alternating PV energy supply, the heating unit
having at least two switchable heating elements at least one
of which 1s supplied with energy from the modulator, the
controller being adapted to control the modulator to priori-
tize delivery of energy to the water heater 1n preference to
the utility grid energy feed-in.

The controller can be adapted to initially reduce the
modulator output to zero and apply the modulator output to
a first heating element, and progressively increase the modu-
lator output to a maximum, and progressively switch 1n
additional heating elements as required until maximum
energy 1s delivered from the PV collector or the tlow of
energy to the utility grid ceases.

When switching 1n each successive heating element, the
controller reduces the modulator output to the first heating
clement to zero, and then progressively increases the modu-
lator output to the first heating element.

According to an embodiment of the invention, there is
provided a method of utilizing solar photovoltaic energy in
a system having a first load circuit, a water heater and a
utility grid feed-in path, the system including a controller
controlling delivery of the PV energy to the water heater,
wherein the controller prioritizes the delivery of PV collec-
tor energy to the first load, the water heater and the utility
orid feed-in.

The system can include a PV storage battery, and wherein
the controller can prioritize the delivery of PV collector
energy to the first load, the water heater, the battery, and the
utility grid feed-in.

According to an embodiment of the invention, there is
provided a varnable energy usage arrangement for a water
heater the arrangement to control energy flow from a vari-
able energy supply and a utility grid supply to a water heater,
the arrangement including a controller, a modulator, a heat-
ing unit having at least first and second heating elements and
an attachment flange, wherein the second and any further
heating elements being switchable, the controller being
adapted to control the modulator and the switchable ele-
ments, the modulator being adapted to deliver a controllable
power output to the first heating element under the control
of the controller, the attachment tflange being adapted for
sealed attachment to a water heater tank, the controller being
adapted to monitor the direction of current tlow outwards to
the utility grid supply or inwards from the utility grid supply,
the controller being adapted to control the modulator and the
switchable elements, to minimize or eliminate current flow
out to the utility gnid supply.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic view of a PV water heater
arrangement according to an embodiment of the invention.

FIG. 1B 1s a schematic view ol a water heater of an
embodiment of the mvention mncluding a thermostat and a
power control arrangement according to an embodiment of
the 1nvention.

FIG. 2A 1s a schematic view of a PV water heater
arrangement according to another embodiment of the inven-
tion.

FIG. 2B i1s a diagrammatic illustration of a modified
circuit diagram for a dual element water heating system
according to an embodiment of the invention.
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FIG. 2C 1s a diagrammatic detail of a parallel arrangement
of a triac and a relay.

FIG. 3 1s a graphical illustration of a heating element
switching plan according to an embodiment of the invention.

FI1G. 4 1s a flow diagram showing a method of operating
a water heating system according to an embodiment of the
invention.

FIG. 5A 1s a graphical illustration of modes of modulating,

AC power.
FIG. 5B 1s a graphical illustration of modes of modulating,

AC power.
FIG. 6 illustrates a heating unit having two separately

operable heating elements.

DESCRIPTION OF TH.

(L.
L]

EMBODIMENTS

The PV water heating system illustrated in FIG. 1
includes a PV collector (1.002), an mverter (1.004), a water
tank (1.020), a heating unit (1.016) having two or more
clements (1.016.1 .. .1.016.x), a temperature sensor (1.022),
a number of switches, (1.014.1 to 1.014.), each associated
with a heating element, an AC modulator (1.060), utility grid
supply (1.050, bidirectional utility grid meter (1.052), utility
orid switch 1.054), and controller (1.040). Because heating
clement 1.016.1 1s powered via the modulator, the switch
(1.014.1A) 1s optional, as the modulator output can be
reduced to zero.

The PV collector (1.002) 1s connected to inverter (1.004)
which converts the DC voltage output from the PV collector
to an alternating voltage supply suitable for delivery to the
utility grid. A water storage tank (1.020) has a first multi-
clement heating umit which 1s mserted in the lower portion
of the tank via a sealed flange (1.017). While temperature
sensor (1.022) 1s shown 1nserted via tlange (1.017), it could
be 1nserter via a separate sealed opening, which could be in
the top of the tank. Temperature sensor 1.022 1s located to
measure the temperature of the water proximate the heating,
unit with two or more individual heating elements (1.016.1,
1016.x). It 1s understood that the tank may be equipped with
two or more temperature sensors at different vertical loca-
tions.

Circuit (1.001) delivers power to other domestic devices.
The other domestic uses will normally take precedence over
the water heater for the delivery of PV energy.

The output from the mverter (1.004) 1s connectable to at

least one of the elements (1.016.1 . . . 1.016.x) via corre-
sponding ones of the switches (1.014.1A . . . 1.014.m).

In the embodiment of FIG. 1, modulator (1.060) modu-
lates the AC inverter output supplied to one of the heating
clements (1.016.1).

Controller (1.040) 1s adapted to recerve system informa-
tion, such as sensor mformation from temperature sensor
(1.022) via link (1.022.1), and utility grid current flow
information from current sensor (1.053) via link (1.053.1).
This enables the controller to monitor the direction of energy
flow to or from the utility grid. The current sensor can be a
modular device with internal communication capability
which may enable the current sensor to send the information
to the controller by a number of different links, such as
household power line, Bluetooth, WiF1, or physical cable.
Alternatively, the current flow can be obtained from the
power ufility’s bi-directional meter (1.052) 11 the power
utility consents to this. The current sensor provides feedback
to the controller on the eflect of the adjustment of the
modulator output by the controller.

The controller 1s adapted to control the switches

(1.014.1 . . . 1.014.m) via control links (1.014.1.1 . . .
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1.014.m.1). The controller also controls the modulator
(1.060) via link (1.060.1). The controller can be a program-

mable controller or other suitable microprocessor controlled
device adapted to respond to the inputs and to control circuit
elements, such as switches 1.014A, 1.014B, 1.014#. The
controller can control the connection of the alternating
inverter output or the utility grid power to one or more of the
heating elements.

The utality grid power supply (1.050) can be connected to
the heating elements via the individual element switches and
utility grid switch breaker (1.054).

The two or more individual heating elements (1.016.1,
1016.x) can be connected individually or in combinations of
two or more elements to a source of electric power, such as

solar collector 1.002 (via mverter (1.004), or utility gnd
power 1.050. Because element (1.016.1) 1s modulated, 1t can

be connected to two switches (1.014.1A and 1.014.1B).
Controller (1.040) controls the switches such that switch
(1.014.1A) connects PV supply to modulator (1.060) when

PV supply 1s available and the temperature of the water 1n
the tank 1s below a maximum allowable temperature (the
maximum temperature threshold). When there 1s no PV
supply (eg, at mnight), the controller can open switch
(1.014.1A) and the controller can operate switch (1.014.1B)
to connect utility grid power to heating unit 1f the water 1s
below a second, normally lower, temperature threshold. The
controller can also take account of time-of-day tanfls to
reduce the cost of using the utility grid power.

The resistance of the elements can be equal or one or more
ol the elements can have a different resistance from the other
clements. The arrangement of FIG. 1 will be described with
the heating unit having three heating elements (A, B, C), the
highest power element (C) having a resistance of (Q ohms,
and the other two elements (A, B) having equal resistances
of 2Q ohms. In the example of FIG. 3, elements A and B
have a power rating of 900 W, and element C has a rating of
1800 W, for a 240 v AC supply, providing a combined power
rating of 3600 W.

The controller receives mputs from the temperature sen-
sor (1.022) and the utility grid current sensor (1.053) or the
bidirectional utility grid power meter (1.052). When a large
amount ol power 1s generated by the PV collector, 1t may
exceed the demand from the other domestic uses (1.001). In
previous leed-in system, the excess power from the PV
collector would have been fed into the utility grid, the meter
(1.052) calculating the amount of power delivered to the
utility grid and the power utility company would credit the
home owner with the amount of power at the specified
teed-1n taridl.

According to an embodiment of the invention, when the
controller (1.040) detects that power 1s tlowing from the PV
collector to the utility grid, 1t can activate the water heater
circuits to divert the PV energy to the water heater. Only 1f
the amount of PV collector power exceeds the demands of
both the water heater and the other domestic uses 1s the
excess PV collector power delivered to the utility grid.

The switchable heating element configuration shown 1n
FIG. 3 has the advantage of enabling a continuous variation
of output power from the modulator while only one element
in this example, element A, which can correspond with
clement (1.016.1), 1s powered via the modulator (1.060).

In the exemplary embodiment, element A 1s a 900 W
element, element B 1s a 900 W element, and element C 1s an
1800 W element, or more generally, elements A & B each
have a value of 2R, while element C has a value of R.

It 1s assumed that, 1n an 1nitial state, the heating elements
are unpowered, and the current sensor indicates current
flowing out from the inverter into the utility grid. When the




US 11,041,640 B2

9

controller detects such a state, 1t initiates a process to divert
the excess energy from the utility grid into the water heater,
while continuously monitoring the current tflow direction via
the current sensor. The current sensor can sample the current
at a sufliciently high sampling rate to enable the controller
to track the eflect of each adjustment of the modulator
output.

In Stage 1, only element A 1s energized (switch
(1.014.1A) closed). The controller controls the modulator so
that the output of the modulator 1nitially starts at zero volts,
and then increases the modulator output until full power of
900 W 1s delivered to element A or until the current sensor
detects that current flow out to the utility grid has ceased.

If the current sensor detects that current 1s still flowing out
to the utility grid, the controller initiates Stage 2. At Stage 2,
the controller switches on element B at 1ts full 900 W power
while also reducing the modulator output to zero, so that no
power 1s delivered to element A. Flement A can then be
ramped up from zero to 900 W, giving a combined power of
1800 W from the combination of elements A and B. Again,
if the current flow out to the utility grid stops before the tull
power 1s delivered to elements A & B, the controller waill
stop increasing the output from the modulator.

In Stage 3, elements A & B are switched ofl, and element
C 1s switched on maintaining the power at 1800 W. Element
A 1s again ramped up from zero to 900 W, resulting in power
usage of 2700 W, being the combination of elements A and
C. Again, if the current flow out to the utility grnid stops
betore the full power 1s delivered to elements A & C, the
controller will stop increasing the output from the modula-
tor.

In Stage 4, element A 1s switched of and element B 1s
switched fully on providing an imitial power consumption of
2700 W. Again, element A 1s switched on and can be ramped
up from zero to 900 W, resulting 1n 3600 W being delivered
to the water tank via the combination of elements A, B, and
C. Again, if the current flow out to the utility grnid stops
betfore the full power 1s delivered to elements A, B & C, the
controller will stop increasing the output from the modula-
tor. If the current 1s still flowing out to the utility grid, the

bi-directional meter (1.052) will continue to credit the
customer for the energy supplied.

Optionally, the utility grid can be connected to element
(1.016.1) via switch (1.014.1B) while bypassing the modu-
lator (1.060). When there 1s no useful output from the PV
collector, eg, at night time, and utility grid power 1s needed
to heat the water, switch (1.014.1A) 1s opened, so the utility
orid power 1s not fed via the modulator (1.060) to element
(1.016.1).

The inverter can be designed to draw power from the PV
collector up to the maximum power point of the PV collector
at the current level of mnsolation. When there 1s msuthicient
solar energy to fully meet the other domestic demand, the
inverter ensures the delivery of the available PV energy to
the load before utility grid power 1s drawn. The inverter may
do this by adjusting the phase and amplitude of the inverter
output voltage relative to the utility grid voltage.

In the description of FIG. 1B, a distinction 1s made
between thermostat and temperature sensors. A thermostat 1s
a mechanical device whose physical thermal characteristics
are such as to change state at a set temperature. A tempera-
ture sensor can act as a thermometer to provide a continuous
reading of temperature. An additional feature of FIG. 1B 1s
the use of neutral switching, explained 1n more detail below
with reference to FIG. 2B, the line A being active, and the
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line N being neutral. This enables the controller [1.040] to
select either the upper heating unmit [1.016] or the lower
heating unit [1.012].

FIG. 1B illustrates a water heater having first and second
heating units [1.012] located in a lower portion of the tank,
and [1.016] located i an upper portion of the tank. A
thermostat arrangement including a temperature monitor
[1.100] and a thermostat switch [1.102] can be provided in
a minimal configuration.

The thermostat can operate independently of the control-
ler [1.040].

In one mode of operation of the minmimal configuration
without optional temperature sensors [1.022A], [1.022B],
the thermostat can be set to an upper temperature threshold,
eg, 75° C. Where there 1s excess PV energy as indicated by,
for example, the flow of current out to the utility grid, and
when the water 1n heated by the lower heating unit [1.012]
reaches the upper temperature threshold as sensed by the
thermostat temperature monitor [1.100], the thermostat
switch [1.102] will interrupt the flow of current to modulator
[1.060] and the heating element switches [1.014]. This
results 1n the excess PV energy being delivered to the utility
or1d.

Normally, power from the utility grid will only be deliv-
ered to the water heater during off-peak periods. If utility
orid power heating of the water 1n the tank 1s required 1n an
ofl-peak period when not PV energy 1s available, the con-
troller can be programmed with the utility tarifl schedule and
select the upper heating unit [1.016] so the utility grid power
1s only used to heat the water 1n the upper portion of the tank.
If the thermostat 1s the only temperature sensitive device 1n
the tank, the mains power will heat the water to the upper
temperature threshold. This method thus limits the use of
utility grid power. The ofl-peak utility grid power may be
used to heat the upper portion of the tank to limit the
consumption of utility grid power. A second heating unat,
such as [1.012] can be used when there 1s excess variable
source energy, such as PV energy, to heat the whole tank to
the upper temperature threshold as detected by the thermo-
stat. Alternatively, a second temperature sensor [1.022B]
being used to monitor the temperature in the lower section
of the tank.

Optionally, at least a first temperature sensor [1.022A] can
be located 1n an upper portion of the tank.

In a second configuration, including temperature sensor
[1.022A], the controller can utilize the information from
temperature sensor [1.022A] to set a second, lower tempera-
ture threshold, eg, 60° C. 1n the upper portion of the tank
when utility grid power 1s being used to reduce the usage of
orid power.

In a further configuration, when PV energy 1s used to heat
the whole tank using lower heating unit [1.012], a further
temperature sensor [1.022B] can be provided to measure the
temperature 1n the lower portion of the tank. When the tank
1s heated to a chosen temperature threshold, the controller
can switch the heating units off, and divert excess PV energy
to the utility grid.

The controller can be programmed with the off-peak
times, and can also be adapted to receive ofl-peak time
information via a communication link with the utility com-
pany, so that the controller 1s aware of pre-programmed
ofl-peak times, or so that the controller can be informed of
variable load periods when it 1s preferable to power the
water heater from the utility grid when no variable source
power 1s available.

FIG. 2A illustrates a PV feed-in and water heating system
having two multi-element heating units according to the
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invention, the system including: water tank (2.020), a first
heating unit (2.016) having one or more heating elements
(2.016.1 . .. 2.016.x), a second heating unit (2.012) having
two or more elements (2.012.1 . . . 2.012.y), a first tempera-
ture sensor (2.022), a PV collector (2.002), battery charge
switch (2.045), DC to DC regulator (2.042) which may also
have an associated smoothing filter, battery (2.044), battery
output switch (2.046), mverter (2.004), a group of {irst
clement switches, (2.010.A . . . 2.010.N), each associated
with an element of the first heating unmit, a second group of
second element switches (2.014.P to 2.014.R), an AC modu-
lator (2.060), utility grid supply (2.050), bidirectional utility
orid meter (2.052), utility grid breaker switch (2.054), and
controller (2.040). The modulator (2.060) 1s connected to
supply etther element (2.016.1) or element (2.012.1)
depending on whether switch (2.010.A) or (2.014.P) 1s
closed under control of controller (2.040).

In a manner similar to that discussed 1n relation to FIG. 1,
the controller (2.040) receives inputs from the temperature
sensor (2.024) and the bidirectional utility grid power meter
(2.052).

As discussed with reference to FIG. 1, when a large
amount of power 1s generated by the PV collector, 1t may
exceed the demand from the other domestic uses. The
controller (2.040) can deliver the PV collector power to the
following entities 1n order of preference:

1. Other domestic uses (2.001);
2. water heater (20020);
3. utility grid feed 1n via bidirectional meter (2.052).

In the embodiment shown 1n FIG. 2A, battery (2.044) can
be used to store energy from the PV collector 2.002 when the
PV collector output exceeds demand from the premises and
the water heater 1s at maximum temperature, 1n which case
controller (2.040) closes battery charge over switch 2.0435
and enables the PV current to be directed into the battery via
DC regulator (2.042) 1n priority before PV collector power
1s delivered to the utility grid.

Battery output switch (2.046) can connect or disconnect
the battery from the rest of the circuit. When the battery 1s
tully charged and there 1s no demand from the premises, the
PV power can be fed into the utility grid via the bidirectional
meter (2.052). The battery charging system will normally
have a charge detector to determine when the battery 1s fully
charged.

The tank 1s fitted with two heating units, an upper heating
unit (2.016) and a lower heating unit (2.012). Heating unit
(2.016) 15 a multi-element heating unit (2.012.1 . .. 2.012.y)
with associated switches (2.010.A . . . 2.010.N) and can be
adapted to be connected to either the PV supply or the utility
orid supply. The lower heating unit can have one or more
clements and can be adapted to operate with utility gnd
power or PV collector power. Switch (2.054) connects the
utility grid to the internal wiring, including the water heater
and the other domestic uses circuit. As shown 1n FIG. 1, the
tank can be fitted with only one heating unit having two or
more heating elements.

The controller, modulator and multi-element heating unait
with attachment flange, as shown i FIG. 6, can be provided
in a form suitable for retro-fit assembly to an existing tank
to replace a single element heating unit with attachment
flange. A current transformer to measure the incoming or
outgoing current would also be provided, and the tempera-
ture sensor would be replaced or fitted with an adaptor to
ensure compatibility with the controller.

The controller can be programmed to activate the upper
heating unit (2.016) to heat the upper portion of the tank
betore the lower heating unit 1s activated.
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The arrangement of FIG. 2A can also be operated 1n a
manner to quickly deliver heated water 1n the upper portion
of the tank, while also heating the remainder of the water 1n
the tank. A proportion of the PV energy can be delivered to
the upper heating unit [2.016], and the remainder of the
excess PV energy can be delivered to the lower heating unit
[2.012]. All the heating elements of the upper heating unit
can be powered, while only one of the lower heating
clements need be powered. The lower heating element will
create convection circulation, so while the water in the upper
portion of the tank heats rapidly, the water 1n the remainder
of the tank 1s also heated. The lower heating element can be
disposed asymmetrically in the tank to enhance the circu-
lation. Thus, for example, three quarters of the available
excess PV energy can be delivered to the upper heating uniat,
and one quarter can be delivered to the lower heating unit,
cg, by selecting only one of the heating elements of the
lower heating unit.

FIG. 2B illustrates a wiring connection arrangement
according to an embodiment of the invention, and FIG. 2C
illustrates details of trniac/relay combination used 1n an
embodiment of the invention. The embodiment of FIG. 2B
provides the same heating unit control functionality as the
arrangement of FIG. 2A, but requires fewer switches. The
active (A) and neutral (N) lines of the wiring circuit are
shown as the arrangement of FIG. 2B utilizes neutral line
switching to enable a reduction in the number of switches.

The utility grid power (2.050) and the output from the PV
collector’s (2.002) inverter (2.004) connect to the active and
neutral lines.

All the neutral connections of each element 1n the first
heating unit are connected together. Similarly, all the neutral
connections of each element 1n the second heating unit are
connected together. A thermal cutout switch [2.070] may be
mandated by safety regulations.

The heating element switches 2.062, 2.017, and 2.019
include triacs connected to controller 2.040 wvia links
2.062.1, 2.017.1, and 20.19.1 respectively. Switches 2.017
and 2.019 are adapted to act as ON/OFF switches and
incorporate relays such as 2.017.2 with metal contacts
2.017.3 1n parallel with the triac 2.017.0 so the metal
contacts carry the current when the switches are closed.
When the controller mstructs the switch to open, the tnacs
are designed to open after the relay operates to avoid arcing
ol the metal contacts.

The trnac 2.062 1s designed to act as a modulator, so the
controller can vary the amount of current passing through
the triac to heating element 2.016.1 or 2.013.1, depending on
the state of switch 2.015. The controller controls the modu-
lator by applying a signal to the control electrode of the triac
to turn the triac on, while removing the signal causes the
current to cease at the next zero crossing as shown 1n FIG.
5. With a purely resistive load, the current and voltage are 1n
phase. Using phase angle control as discussed below with
reference to FIG. 5B, the triac [2.062] 1s switched on during
cach successive half cycle by a short pulse from the con-
troller. Thus the triac [2.062] 1s used as a modulator under
control of the controller [2.040]. While the triac [2.062] 1s
shown as separate from the controller [2.040] 1t 1s under-
stood that the controller and the triac can be incorporated 1n
a single module. The controller implements a control routine
based on the temperature and current flow direction infor-
mation to generate the control signals for the triacs.

Triac/relay combinations (2.017) and (2.019) (discussed
turther with reference to FI1G. 2C), control (under command
of the controller) the connection of the heating elements

(2.016.2) and (2.016.3) of the first heating unit to the active




US 11,041,640 B2

13

line. The connection of element (2.016.1) to the active line
1s controlled by triac (2.062). Similarly, the active connec-
tions of elements (2.012.2) and (2.012.3) of the second
heating unit are controlled by the Triac/relay combinations
(2.017) and (2.019), while the active connection of element
2.012.1 1s controlled by triac (2.062). The triac (2.062)
performs both the modulation and switching function to
deliver modulated AC power to the elements (2.016.1) and
(2.012.1). Change-over switch (2.015) 1s adapted to com-
plete the power circuit to either the first heating unit or the
second heating unit by closing or opeming the corresponding
neutral path to the first or second heating unait.

FIG. 2C illustrates the parallel connection of a triac
(2.017.1) and a relay connection (2.017.3). The relay coil
(2.017.2) operates the relay connection. The relay connec-
tion 1s a metal connecting path and thus has lower conduc-
tion losses than the triac. When the combined triac/metal
relay switch is closed the current flows via the metal contact
because of the lower resistance of the metal contact path.
The triac has the advantage of being able to implement
zero-crossing switching. Thus, when the combined switch 1s
to be opened, the metal relay contacts are opened, diverting,
the current via the triac. The triac can then interrupt the
current at the zero-crossing.

The controller 1s configured with the operating character-
1stics of the modulator, so 1t knows when the modulator 1s at
its maximum output setting. The controller 1s adapted to
increase the modulator output 1n incremental steps, and to
receive current flow monitoring information from the cur-
rent transiformer or utility grid meter so the controller can
assess the result of each change 1n the modulator output. In
addition, the mverter 1s adapted to set its output to corre-
spond with the solar collector maximum power point (MPP).
FIG. 4 illustrates a method of controlling the delivery of
energy ifrom the PV collector to the heating unit:—

[step 4.102-4.104] Start condition, eg, Time (sunrise+30
minutes) or output from inverter;

[step 4.106] Stage 1 (Switch A) Set modulator (2.060) to
Zero;

[step 4.108] Monitor energy flow 1n or out

[step 4.110] If flow out, increase modulator output;

[step 4.112] Check 1 modulator output 1s at maximum;
[step 4.114] If not maximum, return to [step 4.108], which
begins a continuous process of monitoring the flow of
current to or from the utility gnid;

[step 4.116] IT at maximum, switch to next stage (eg, Stage
2—switch A+B) and return to [step 4.108];

If [Step 4.108] indicates there 1s no flow out, go to [step
[4.116] and check if there 1s inward flow from the utility
grid,

I1 there 1s no inward utility grid flow, return to step [4.108];
If there 1s mward utility grid flow, check i modulation
output 1s zero at step [4.118];

If modulation output 1s zero, return to step [4.108];

If modulation output 1s not zero, set modulation output to
zero at step [4.120] and return to [step 4.108] to continue
monitoring the current flow to or from the utility gnd.

The method of FIG. 4 provides a continuous feedback
process 1n which the controller monitors the flow of current
to or from the utility grnid, and when there 1s flow to the
utility grid from the inverter, the controller powers the
modulator until either all the available energy from the
inverter 1s used 1 meeting the domestic load and partially
powers the water heater, or until both the domestic load and
water heater are fully powered from the inverter, and any
surplus energy 1s exported to the utility grid. If there 1s
insuilicient energy available from the inverter, the inverter 1s
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designed to share the load with the utility grid, ensuring that
all the energy from the solar collector 1s consumed belore
drawing power from the utility grid. The current transformer
or utility grid meter provide continuous feedback to the
controller as to the effect of each adjustment of the modu-
lator output when there 1s surplus PV energy being exported
to the utility grid.

The modulation of the voltage in four stages can be
smooth and linear from zero to maximum. However, other
modulation schemes may be implemented such as starting at
the top of Stage 2 and then moving up or down depending
on the utility grid meter tlow direction. Alternatively, where
the controller monitors the actual level of energy flow as
well as the direction, this can be used by the controller to
calculate a starting point modulation likely to cancel the
flow, and can then increase or decrease modulation depend-
ing on the flow direction.

FIG. 5 shows two types AC power modulation which can
be implemented using triacs.

FIG. 5A illustrates burst fire control, 1n which power 1s
modulated by switching the current on (5.152) for a number
of AC cycles and off for another group of cycles (5.154). The
burst fire control signal (BFCS) [5.151] to [5.153] from the
controller [2.040] can be maintained for a number of half
cycles, and the trailing edge of the BFCS can occur before
the end of the last half cycle as the triac will continue to
conduct until the zero crossing of the last half cycle in which
the BFCS was removed. Switching can be timed to coincide
with the zero crossings (5.156) of the current. By adjusting
the duty cycle, the power delivered can be modulated. Burst
fire control can cause problems such as flickering of lights
when 1t 1s carried out on utility grid power.

In an alternative BFCS arrangement shown in FIG. 5A,
the controller can generate short control pulses spanning the
zero crossings at the beginning of each half cycle for the
duration of the required current burst. The short pulses can
commence before the zero crossing of the previous half
cycle and continue after the zero crossing.

FIG. 3B 1illustrates phase angle control, 1n which current
1s switched on for a portion of each cycle (5.164) and 1is
switched off for the rest of the cycle (5.162). The phase angle
control signal (PACS) from the controller can be a short
pulse [5.16.5], suilicient to turn the triac on, but ends within
the same half cycle so that the zero crossing extinguishes the
current. Again zero-crossing switching 1s used 1n switching
ofl to mutigate arcing. Phase angle control generates a
significant amount of electromagnetic interference (EMI)
due to the asymmetric nature of the current. FIG. 5B
illustrates leading edge phase angle control suitable for use
with triacs, as the zero crossing of the waveform 1s used to
extinguish the current.

While the embodiments of the invention may utilize phase
angle control as discussed with reference to FIG. 5B, the
invention may utilize any of the available modes of modu-
lation.

By limiting the amount of energy delivered by phase
angle control, 1e, modulating a lower power element such as
a 500 W or 900 W eclement instead of modulating, for
example, a single 3600 w element, the amount of 1nterfer-
ence can be limited.

FIG. 6 illustrates, by way of example, a heating unit
(6.200) having two separately switchable heating elements
(6.204, 6.206). While only two elements are shown to avoid
an over-complex drawing, 1t 1s understood that the heating
unit can have more than two elements. The elements are
mechanically athxed to flange 6.208, from which they are
clectrically insulated. The elements are designed to pass
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through an aperture in the tank wall. The flange 1s designed
to sealably close the aperture. Each heating element has
clectrical terminals (shown collectively at (6.210)), which
pass through the flange attachment to the exterior of the
tank. Flectrical cable (6.212) and electrical connector
(6.214) enable power to be supplied to the heating elements
individually or collectively.
Application

Solar electric heating has an advantage over direct solar
thermal heating of water because, when the insolation 1s
1nsu

icient to heat the water or heat transfer fluid 1n the solar
thermal collector to a temperature above the temperature of
the water in the tank, no heat 1s added to the water in the
tank. Solar photovoltalc on the other hand has the advantage
that, as long as there i1s suflicient insolation to power the
solar PV collector, energy can be added to the water in the
tank. Thus solar photovoltaic heating can operate to heat the
water at lower levels of 1nsolation.

The method of combining switching and modulation
provides a means for continuously varying the current
supplied to the heating unit. The current drawn from the PV
collector can be continuously varied. This means that the
current drawn from the PV collector can be matched to the
maximum power point of the PV collector, enabling eflicient
use of the insolation at all levels.

The mnventive concept can be applied to solar PV water
heating systems having one or more multi-element heating,
units that are controlled by combining both modulation
(varying power) and switching to achieve linear variable
power control over the range zero to X kw’s.

A three element design can be chosen for a total 2 kW
rating 1 500 W steps. Changing the number elements and
the modulator size (modulation increment) allows for many
different variations on the design.

The concept can be
applied to discrete elements and that the modulator may or
may not use the full rating of the individual elements 1n all
cases to achieve the linear ramp up from 0 to the desired X
kW.

An example of a tri-element heating umt can cover the
range zero to 2.0 Kw (@ 240 v=28.8Q; (r=V*/P). A element
indexing step of 500 W can be used as this 1s common to
many “ofl the shelt”, Australian approved devices that use
Triac based power modulation control. However other ele-
ment ratings can be used.

The combination of progressively increasing the modu-
lator output and progressively switching 1n additional ele-
ments facilitates the ability to provide a continuous range of
input power to the heating unit from the PV collector.

What 1s claimed 1s:
1. A water heating device comprising:
a water storage tank;
a temperature sensor configured to detect a temperature of
a fluid 1n the water storage tank;
at least first and second heating elements configured to
heat the fluid in the water storage tank, at least one of
the first and second heating elements being switchable;
a modulator adapted to modulate a flow of energy from a
variable energy source to at least the first heating
element; and
a controller adapted to:
receive temperature mformation from the temperature
sensor, the temperature information being indicative
of the temperature of the fluid 1n the water storage
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receive current flow direction imformation from a cur-
rent sensor sensing current intlow from a utility grnid
or current outtflow to the utility grid; and

control the modulator and switching of the at least one
switchable heating element to prioritize delivery of
energy from the variable energy source to internal
consumption systems before delivery of energy from
the variable energy source to the utility gnd by at
least:
in response to determining that the temperature of

the flmd 1s less than a threshold temperature and
the current flow direction information 1s indicative

of current outflow to the utility grid, modulating
the tlow of energy from the varniable energy source
to at least the first heating element, and

in response to determining that the temperature of
the fluid 1s less than the threshold temperature, the
current flow direction information 1s indicative of
current outflow to the utility grid, and the first
heating element has reached a maximum power
output, switching on the at least one switchable
heating element and further modulating the flow
of energy from the vanable energy source to at
least the first heating element.

2. A water heating device as claimed 1n claim 1, wherein
cach of the at least first and second heating elements except
the first heating element can be switchable under the control
of the controller.

3. A water heating device as claimed 1n claim 1, wherein
all the at least first and second heating elements can be
switchable under control of the controller.

4. A water heating device as claimed 1n claim 1, wherein
impedance of the at least first and second heating elements
are R, R/1, R/2 ... R/(N-1), where R 1s resistance of the first
heating element, and N 1s the number of heating elements in
a heating unit.

5. A water heating device as claimed 1n claim 1, wherein
the variable energy source 1s a photovoltaic (PV) energy
source.

6. The water heating device of claim 1, further comprising
a battery wherein the variable energy source 1s further
configured to provide a charge to the battery.

7. The water heating device of claim 6, the controller
being further configured to control the modulator and the
switching of the at least one switchable heating element to
prioritize delivery of energy from the variable energy source
to the battery before the utility gnid.

8. The water heating device of claim 7, the controller
being further configured to prioritize delivery of energy
from the variable energy source to: (1) internal consumption
systems {irst, (2) the battery second, and (3) the utility gnd
last.

9. The water heating device of claim 1, the controller
being further configured to:

in response to determining that the temperature of the
fluad 1s less than the threshold temperature, the current
flow direction information 1s indicative of current out-
flow to the utility gnd, the first heating element has
reached a maximum power output, and the at least one
switchable heating element has been switched on,
switching on further heating elements in parallel until
cither all the further heating elements are switched on
or until the current flow direction information 1s no
longer 1ndicative of current outtlow to the utility grid.
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